Supplemental Results
ain-1 and ain-2 function upstream of lin-28 and hbl-1 to regulate developmental timing but not in miRNA biogenesis
Changes in the seam cell numbers and the stage of alae formation are often reliable indicators of changes in developmental timing in heterochronic mutants (Rougvie, 2001; Sulston and Horvitz, 1977) . For example, causes the L2 program to be skipped, resulting in a reduction of the seam cell number from 16 to 10 at late larva stages and the formation of adult alae one stage earlier (Ambros and Horvitz, 1984; Moss et al., 1997) .We examined the seam cell numbers using a SCM::GFP (wIs54) reporter gene that is specifically expressed in the seam cells (Koh et al., 2002) . ain-2(tm1863); ain-1(ku322) double mutants displayed a severe defect in alae formation (Figure 1B and 1G) , implicating a retarded heterochronic phenotype. Strikingly, the seam cell number dramatically increased in the double mutants, reaching more than 50 in the adult stage ( Figure 1F and 1I), while the numbers at the L1 and L2 stage are normal ( Figure 1J ). Thus, the observed large seam cell numbers are likely due to multiple reiterations of the L2 developmental program during later larva stages. This phenotype closely resembles the delayed heterochronic phenotype observed in the lin-28(gf) mutant, lin-66(lf); daf-12(lf) double mutants and mir-48 (lf) mir-241(lf); mir-84(lf) triple mutants, in which the L2 program is repeated multiple times (Abbott et al., 2005; Morita and Han, 2006; Moss et al., 1997) .
miRNA population is specifically enriched in AIN-1 and AIN-2 IP samples
Two major peaks at 20-25 nt and 30 nt were evident in the total RNAs after sequence length distributions of the pyrosequencing reads were analyzed (Supplemental Figure S3A ). The 20-25 nt peak contains mostly miRNAs (64%) (Supplemental Figure S3B ), while the 30 nt peak contains mostly tRNAs (data not shown). Strikingly, the 20-25 nt populations, but not the 30 nt populations, were significantly enriched in the AIN-1 and AIN-2 associated RNA samples (Supplemental Figure S3A and S3B) . Further analysis revealed that the percentages of miRNA in the 20-25 nt peaks of AIN-1 RNAs and AIN-2 RNAs were significantly higher than that in the total RNAs, while the percentages of siRNAs (Ambros et al., 2003b ) and 21U
RNAs (Ruby et al., 2006) were dramatically decreased ( Figure 3B ; Supplemental Figure   S3C ). Small RNA pools associated with the control GFP and pre-immune serum samples lacked the 20-25 nt peak and had far fewer miRNA reads. ( Figure 3B ; Supplemental Figure   S3 ; data not shown). These data suggest that AIN-1 and AIN-2 specifically associate with miRNAs but not other small RNA species.
3'UTRs of lin-45 raf, lin-29, lev-1 and ced-9 mRNAs mediated negative regulation of the expression of these genes.
Because most of miRNAs repress gene expression by acting on the 3' UTRs of target mRNAs, we carried out experiments to verify potential negative regulation on 3'UTRs of several well-known genes (lin-45/raf, lin-29, lev-1 and ced-9 ) that were highly enriched in both AIN-1 and AIN-2 complexes (Table S5, S6) but had not been previous shown to be regulated by miRNAs. Since miRNA often plays a "fine tune" role in regulating gene expression (Giraldez et al., 2005) , we developed a sensitive in vivo reporter system to detect relatively small effects of 3'UTR on those candidate gene's expression (Figure 6 ; Figure   S4A ).
lin-45 encodes an ortholog of mammalian RAF kinase that play a critical role in the RTK/RAS pathway to regulate vulval induction (Han et al., 1993) . Consistent with this role, we observed a clear negative regulation on the 3'UTR of lin-45a comparing to the control ama-1 3'UTR within L3 stage vulval precursor cells (P3-7.p) (Figure 6A1-6A6 ; Figure S4B ).
This result suggested an involvement of miRNA in regulating lin-45/raf during vulval development.
lin-29 encodes a C2H2 type zinc finger transcription factor that functions downstream of hbl-1 and lin-41 in the heterochronic pathway to regulate L4 to adult transition in hypodermic cells (Ambros and Horvitz, 1984; Bettinger et al., 1996; Lin et al., 2003; Rougvie and Ambros, 1995; Slack et al., 2000) . Immediately after the L4/adult transition, we observed a rapid decrease of expression from the lin-29 3'UTR reporters. In contrast, the expression from the control ama-1 3'UTR reporter declined much slower, resulting in relatively higher expression than the lin-29 3'UTR reporter (Figure 6B1-6B6; Figure S4B ). Therefore, it is likely that lin-29 is subject to a miRNA regulation through its 3'UTR right after the L4 molt.
We suspect that such a regulation may be important to prevent extra molting after larva-to-adult transition.
lev-1 encodes an alpha subunit of nicotinic acetylcholine receptor (nAChR) (Mongan et al., 2002) , which has been shown to have highly conserved functions in mediating nicotine dependence from C.elegans to mammals (Feng et al., 2006) (Champtiaux and Changeux, 2004) . Consistent with the neuronal function of this protein, we detected a strong negative regulation on the 3' UTR of lev-1 ventral and dorsal cord neurons (Figure 6C1-6C6 ; Figure   S4B ). It is interesting that several genes (such as lev-1, acr-16, unc-38) encoding subunits of nicotinic acetylcholine receptors (nAChR) (Champtiaux and Changeux, 2004; Feng et al., 2006) were enriched in both AIN-1 and AIN-2 complexes (Table S5 S6 ), suggesting that miRNAs may play a role in nicotine-dependent behavior modifications (also see Supplemental Results). CED-9 is the sole C. elegans homolog of the anti-apoptotic protein BCL-2 (Aravind et al., 2001 ). We detected a negative regulation on ced-9 3'UTR in some head cells, possibly neurons (Figure 6D1-6D6 ; Figure S4B ), suggesting that ced-9 is also a real miRNA target.
For this gene, we also used another control 3'UTR from elt-2 and observed similar result (data not shown). These results are consistent with a previous study showing that human BCL-2 is regulated by miRNA mir-15 and mir-16 (Cimmino et al., 2005) Taking together, we revealed previously unknown negative regulations on the 3'UTR of all four candidate genes examined, supporting that the vast majority of AIN-1 and AIN-2 associated mRNAs are real in vivo miRNA targets.
Supplemental Discussion
Evidence for that AIN-1 and AIN-2 are not involved in siRNA-mediated functions First of all, our analysis using MudPIT mass spectrometry indicated that, besides the two miRNA-specific Argonaute proteins (ALG-1 and ALG-2), the AIN-1/2 complexes contain none of the other 25 C. elegans Argonaute proteins, including those shown to be involved in siRNA functions (Yigit et al., 2006) . Second, endogenous siRNAs were almost entirely excluded from the small RNAs associated with AIN-1 and AIN-2 complexes ( Figure 5B ).
Finally, we did not observe any abnormality in the RNAi response in ain-1(lf) ain-2(lf) single and double mutants (data not shown).
Endogenous siRNAs and 21U RNAs displayed extremely low abundance in our pyrosequencing result of wt total sample ( Figure 2G ). It should be noted that the 5' adaptor ligation method we used has been shown to result in significant under-representation of the siRNA population (Pak and Fire, 2007) . However, since the AIN-1 and AIN-2 IP samples contained much less siRNA and 21U RNA but much more miRNA compared to the total RNA sample that was processed using exactly the same method ( Figure 2G ), it is reasonable to conclude that AIN-1 and AIN-2 selectively interact with miRNA over siRNA or 21U
RNA.
Total number of expressed miRNAs in C. elegans
Prior to the high-throughput sequencing effort by Ruby et al. (2006) , there were 112 miRNAs identified by several groups using extensive cloning from fractionated total RNAs and computational predictions (Ambros et al., 2003b; Lau et al., 2001; Lim et al., 2003; Ohler et al., 2004) . Recently, Ruby et al. (2006) , using the large-scale pryosequencing method, identified 93 of the previously annotated 112 miRNAs and an additional 18 new miRNAs. In comparison, our study utilized the same pyrosequencing method on a smaller scale and focused on miRNAs associated with AIN-1 and AIN-2. We identified 89 miRNAs among the 112 miRNAs mentioned above, 104 of 111 miRNAs identified by Ruby et al, as well as nine potential new miRNAs (Table 1 ). In addition, two miRNAs (lsy-6 and mir-257) were detected in our experiments but not in the experiments by Ruby et al. (2006) . Curiously, 18 miRNAs that had been previously annotated prior to the publication of Ruby et al. (2006) (miRBase) were neither identified by Ruby et al. nor in our samples. Because the AIN-1 and AIN-2 IPs represent enriched pools of miRNAs, our data support the suggestion by Ruby et al that the authenticity of these 18 miRNAs need to be verified by further experiments. It is possible that some of these candidate miRNAs are expressed at extremely low levels to escape these sequencing efforts.
The facts that AIN-1/AIN-2 specifically associate with miRISC and AIN-1/AIN-2 RNAs contain the vast majority of miRNAs identified previously suggest that the association with AIN-1 or AIN-2 may be considered an additional supportive criteria in finding new miRNAs, although we can not rule out the possibility that some miRNAs do not associate with either AIN-1 or AIN-2. The enrichment of miRNAs in AIN-1 and AIN-2 complexes has made it possible to find potentially new miRNAs that are present at a low level in worm lysates (Table 1 ). The addition of the nine miRNA plus the confirmed mir-257 would increase the total number of C. elegans miRNAs that have been confidently identified (Ruby et al., 2006) to 122.
Supplemental Experimental Procedures

C. elegans methods
Worm strains were maintained and manipulated as described in (Brenner, 1974) . Experiments were carried out at 20°C. RNAi experiments were conducted by feeding (Timmons and Fire, 1998) . The ain-2(tm1863) mutant was obtained from the Dr. S. Mitani laboratory at Tokyo Women's Medical University Hospital and outcrossed three times. The 678 bp deletion that starts at 28 bp upstream of the predicted initial ATG was confirmed by PCR amplification and sequencing and this allele is expected to result in a new in-frame ATG at the deletion site.
For immunoprecipitation (IP), ain-1::gfp transgenic and wt animals were raised in liquid culture as described in http://cobweb.dartmouth.edu/%7Eambros/worms/. ain-2::gfp and ain-2 promoter::gfp transgenic worms were cultured on 10 cm NGM plates with a HB101 bacteria lawn. Mix-staged animals were harvested unless otherwise specified. In the mix-staged populations, the presence of worms at all development stages, including dauers, was confirmed by observation under a microscope. For synchronized cultures of transgenic animals, eggs were isolated as described in (Schafer, 2006) . The purified eggs were allowed to hatch and synchronize overnight in S-Basal solution with gentle shaking. The synchronized L1 larvae were then spotted onto 10 cm NGM plates with a HB101 bacteria lawn. For ain-2::gfp transgenic animals, L1, L2, L3 were collected after 5 hours, 21 hours, 32 hours respectively. For lin-4(e912);ain-2::gfp animals, L1, L2, L3 stages were determined by their stage-specific gonad morphology (Euling and Ambros, 1996) .
Construction of plasmids and transgenic lines
For the ain-2::gfp fusion gene, a Not I site was created just before ain-2's stop codon by site-directed mutagenesis on ain-2 genomic DNA. The GFP coding region was PCR amplified from ppD95.75 (gift from A. Fire) and inserted in-frame into the Not I site of the ain-2 gene. A single/low copy integration line of this construct was obtained by biolistic transformation (Wilm et al., 1999) . Quantitive-PCR analysis confirmed that only 1 or 2 copies of the AIN-2::GFP fusion gene was integrated, and the expression cassette was intact (data not shown). Detailed method of constructing reporters shown in Figure 6 is described in the legend of Supplemental Figure S4A .
Antibody and western blot
The full-length cDNA of ain-1 was cloned into pET-22 (NdeI-SacI) to express a His-tagged AIN-1 protein in BL21 codon plus cells. AIN-1-His was purified under denaturing conditions and delivered to Spring Valley Laboratories, Inc. to immunize three rats. The immunized serum was used as the anti-AIN-1 antibody.
After SDS-PAGE, proteins were transferred to PVDF membrane using a semi-dry blotting unit. An anti-GFP antibody (A.v. Peptide Antibody from BD Biosciences) was used at 1:2000 for western blots. The anti-AIN-1 antibody was used at 1:10,000 for western blots.
The anti-AIN-1 antibody specifically recognized a single protein band, which was dramatically reduced in the sample from the ain-1(ku322) mutant (Supplemental Figure S2 ).
The performance of the anti-AIN-1 antibody in IP experiments was also confirmed by its ability to Co-IP GFP-ALG-1 in vivo (Supplemental Figure S2) .
MudPIT Mass spectrometry
GFP antibody (3E6) was cross-linked to protein A beads using DMP (Pierce) according to the vender's protocol. After immunoprecipitations, the protein complex was eluted off the beads using 0.2 M glycine-HCl, pH 2.0. Following acetone precipitation, samples were subjected to MudPIT analysis.
MudPIT analysis was performed as described previously (Washburn et al., 2001 ) with the following modifications. TCA precipitated IP samples were resuspended in 8M urea, 100 mM Tris, pH8.5, reduced, alkylated, diluted to 2M urea, 1 mM CaCl 2 , 100 mM Tris, pH8.5 and digested with trypsin. The tryptic digests were supplemented with formic acid to 5% and loaded onto a 250-micrometer inner diameter (ID) desalting column packed with 5 micrometer Aqua C18 resin of 125 angstrom pore size (Phenomenex) fitted with a 2-μm filtered union. After desalting, a 100-micrometer ID column packed with 9 cm of 3 micrometer Aqua C18 resin of 125 anstrong pore size (Phenomenex) and 4 cm of 5 micrometer Partisphere SCX resin of 120 anstrong pore size (Whatman) was connected to the desalting column through the filtered union. MS analysis was performed on a LTQ mass spectrometer (Thermo-Fisher) using a 6-step MudPIT method with increasing salt pulses at 0, 10, 20, 40, 60, and 100% buffer C. Each full MS scan was followed by 5 MS/MS scans. If any of the three most intense fragment ions in a MS/MS scan is 98, 49, or 32.5 m/z less than the precursor ion, it was then isolated for MS3 scan. The MS/MS spectra were searched with SEQUEST (Eng JK and Yates, 1994 ) against a C. elegans protein database (WS137 from wormbase.org) using a 3-amu mass tolerance for peptides, with or without an addition of 80 on S, T, or Y (phosphorylation). The MS3 spectra were searched with SEQUEST with a loss of 18 on S or T (neutral loss of phosphoric acid from phosphorylated S or T). The search results were combined and filtered with a modified version of DTASelect (Tabb et al., 2002) with a 1% false positive cutoff at the spectrum level and a minimum of 2 peptides per protein.
Although no tryptic status was specified during database search and filtering, all of the peptides identified were tryptic or half tryptic. The protein false positive rate is below 2%.
RNAs from total worm lysates or IPs were prepared by Trizol extraction (Invitrogen).
Small RNAs ranging from about 15nt to 35nt were isolated by excision of Urea-PAGE gels (Elbashir et al., 2001 ). The small RNAs were cloned according to the protocol described in (Lau et al., 2001) . Two rounds of PCR were used to amplify small RNAs. The PCR reactions were stopped during the linear amplification to minimize denaturation of the DNA. In the second round of PCR amplification, different primers with "barcodes" were used for each PCR reaction. Native PAGE was used to purify the final PCR products. After polishing steps, blunt-end PCR products were sent to 454 Life Sciences for sequencing (Margulies et al., 2005) . 354,404 individual sequence reads were obtained, with an average read length of 94.6bp.
After discarding sequence reads without clearly recognizable 5' or 3' adaptor sequences, 292,832 individual sequences were kept for further analysis. We then sorted them into different biological replicates based on their barcodes. Both 5' and 3' adaptor sequences were removed. After combining and counting identical sequences within each replicate, we obtained a total of 60,350 unique sequences, which were then blasted against C. elegans sequences from wormbase (WS170) and published 21U RNA sequences (Ruby et al., 2006) .
Only sequences with perfect matches are sorted into individual categories (e.g. miRNA, siRNA and 21U RNA).
We used the following two criteria to define an AIN-1/AIN-2 specifically-associated small RNA: (1) exact small RNA sequence was detected in at least two independent biological replicates of AIN-1/AIN-2 IPs; and (2) the total read of this small RNA sequence from all AIN-1/AIN-2 IPs was at least three times more than that from the corresponding control experiments. By this standard, we identified 1302 AIN-1 associated 20-25nt RNAs, corresponding to a total of 123,802 pyrosequencing reads. Similarly, we identified 454 20-25nt AIN-2 associated RNAs, corresponding to a total of 114,368 pyrosequence reads.
These 20-25nt RNAs were predominantly known miRNAs, while 21U RNAs and siRNAs were essentially excluded (Supplemental Figure S3C ).
To identify potential new miRNAs, we adopted the following criteria: (1) the candidate RNA was identified as an AIN-1 or AIN-2 associated 20-25 nt RNA (see above and Discussion); (2) the candidate RNA must have a perfect match with at least one locus in the C. elegans genome; (3) there is no existing annotation to suggest a non-miRNA or known miRNA origin; and (4) a miRNA precursor like hairpin structure can be predicted by mfold (Mathews et al., 1999; Zuker, 2003) as the lowest free energy folding alternative, with the sequence of the candidate miRNA on one arm of the stem (Ambros et al., 2003a; Ambros et al., 2003b; Ruby et al., 2006) . Nine sequences fulfilled all four criteria and were named mir-801 -mir-809 (Table 1; Figure 3C ).
Northern Blot
Northern Blot analysis of mir-48, mir-84 and the U6 snRNA control were done using a previously described method (Abbott et al., 2005) . RNA samples were prepared by directly homogenizing synchronized L3 stage animals in Trizol (Invitrogen) and subsequent extraction was carried out using the vender's protocol. Blots were stripped in 1% SDS at 80°C for 30 minutes before re-probing.
Microarray analysis
RNAs were isolated from each immunocomplex after IP, or from total worm lysate, using the Trizol reagents (Invitrogen) according to vendor's protocol. Three independent biological replicates were generated for each IP sample and for the total worm lysate samples from strains expressing AIN-2::GFP or GFP alone driven by the ain-2 promoter. Two biological replicates were generated for wt total lysates. After being resuspended into equal volumes of water, the samples were shipped to the Washington University Microarray Center for microarray analysis. The samples were amplified once using the MessageAmp aRNA kit (Ambion) and labeled with cy3 or cy5 using the MicroMax ASAP kit (Perkin Elmer). The hybridizations were performed according to the standard method. Dye label flipping was included to control the dye label bias.
Signals from replicates of total worm lysates from wt and strains containing the ain-2::gfp or the ain-2 promoter::gfp transgene were mean normalized and averaged respectively to generate standard profiles of gene expression in these worm strains. We then calculated the ratio of signal of each gene from each IP sample to the standard gene expression profile of the corresponding worm strain. Based on this ratio, a percentile rank of each gene relative to all genes in each IP replicate was calculated. The percentile ranks in the three replicates of each IP were averaged. Student t test was utilized to determine if the average percentile ranks of enrichment of individual genes were significantly higher (p value) than the mean enrichment of all genes in the IP samples. To determine the AIN-1 or AIN-2 associated genes, we used the following criteria: (1) (A) Western blot using an anti-GFP antibody against immunoprecipitation (IP) samples. IP was carried out by incubating the indicated antibodies or the corresponding pre-immune serum with the gfp::alg-1 transgenic worm lysate. Sew9, Sew12 and Sew14 are anti-AIN-1 antibodies generated from three different rats. All three antibodies, but not the pre-immune serum, effectively pulled out the GFP::ALG-1 fusion protein. aAIN-1 stands for anti-AIN-1 antibodies.
(B) Western blot using the Sew9 anti-AIN-1 antibody against samples from wt and ain-1(ku322) mutant worms. A single AIN-1 band was strongly recognized by the antibody in wt worms. In contrast, only a trace level of the AIN-1 band is detected in the ain-1(ku322) mutant worms. The residual AIN-1 protein likely resulted from read-through of the amber stop condon created by the ain-1(ku322) mutation. Actin was used as the input control. 
Methods of reporter construction:
To construct lin-45a, lin-29, lev-1, and ced-9 reporters, we first cloned the 4XNLS signal from fire lab vector ppD122.56 into ppD95.67 by Nco I + Sac I sites. To clone 3'UTRs, we PCR amplified about 1kb region after each gene's stop codon and cloned it into the 4XNLS-95.67 between EcoR I and Spe I sites. In each case, we got at least 300 bp sequence downstream of the predicted polyadenylation site. To clone promoters, we PCR amplified a short N-terminal coding sequence including ATG plus at least 2kb upstream region. We then cloned the promoters into corresponding 4XNLS-95.67-3'UTR construct. For lin-45a, since it is in the middle of an operon (wormbase), we also cloned 1kb region downstream of the end of this operon, and fused it after the lin-45a 3'UTR to ensure correct transcriptional termination. To construct corresponding DsRED reporters, GFP coding sequence after 4XNLS signal was deleted from each GFP construct by PCR and a Not I site was created in the same time. DsRED coding sequence was PCR amplified from pDsRed2 Vector (Clontech) and was inserted in frame into the Not I site mentioned above.
For each GFP/DSRED coexpression pair, we injected unc-119 mutant animals with the (gfp reporter/dsred reporter/unc-119 rescuing plasmid) at a ratio of (5ng/5ng/90ng) per micro liter mixture. Transgenic lines were generated using standard method. Figure 6 . Two independent transgenic worm lines were counted for each data set. GFP >> DsRED: GFP signal was significantly stronger than the DsRED signal in the cells of interest. GFP << DsRED: the GFP signal was significantly weaker than the DsRED signal in the cells of interest. GFP~DsRED: the intensity of the GFP signal was similar to that of the DsRED signal in the cells of interest.
